Introduction
Fresh water is becoming known as the "blue gold" of the 21st century. It is a natural resource already in short supply and it will become even scarcer with increased urbanization and population, climate change, and industrial pollution, making it humanity's most precious resource and one of the major environmental issues of this century (Buzatu and Lavric, 2011) . For this reason, many governments today are devoting considerable resources and efforts to the development of new technologies for wastewater treatment and the decontamination of contaminated sources. An example of these technologies is the Submerged Membrane Bioreactor (SMBR). The SMBR can be defined as a system that combines biological degradation of wastewater effluents with membrane filtration (Cicek et al., 1999) . For many years, these systems have shown their effectiveness in the treatment of municipal and industrial wastewater Santos et al., 2011) . In the last two decades, SMBR technology has grown exponentially due to its advantages over conventional wastewater treatment processes, such as reduced environmental impact, improved effluent quality and better process control (Buer and Cumin, 2010; Drews, 2010) . The major potential advantage of this technology is found in the field of water reuse. This is because the SMBR can use ultrafiltration membranes and thus retain bacteria, some viruses and many organic and inorganic components that are often found in the effluent from conventional biological treatments (Lobos et al., 2007; De Luca et al., 2013) . Therefore, the effluent of an SMBR may be suitable for direct reuse or water supply for a reverse osmosis process. That is one of the reasons why research in the SMBR field is increasing continuously at present, due the commercial and scientific interest that it has aroused (Stephenson et al., 2000; Van Nieuwenhuijzen et al., 2008) . Nevertheless, the effective application of membrane bioreactors (MBRs) is limited by http://dx.doi.org/10.1016/j.ece.2014.03.001 local filtration flux through the ith membrane section (m 3 /(m 2 day)) M td mass of sludge in the dynamic sludge film cake adhering to the membrane surface (kg/m 2 ) M tf (i) mass of sludge in the stable sludge cake attached to the ith membrane section (kg/m 2 ) M td (i) mass of sludge in the dynamic sludge film cake in the ith membrane section (kg/m 2 ) n total number of sections in the membrane surface area q a aeration intensity (L m membrane fouling and the associated cost and energy burdens (Menniti and Morgenroth, 2010) . At the same time, experimentation in these types of installations is very expensive and time consuming.
On the other hand, it is necessary to take all the elements mentioned above into account in the training of engineers and of the staff that will operate the SMBR. It is essential to develop tools that can help in the learning process, both at universities and at operator training centres. The development of simulators is a necessity since they constitute a platform to enhance virtual laboratories (Corter et al., 2011) . Virtual laboratories can provide a dynamic Problem-Based Learning experience where students engage in an authentic, industrially situated task. They simulate what expert engineers do in practice, and are very different in character from the physical laboratory at university (Koretsky et al., 2011) . Another advantage of a simulator is its value in the training process from the research point of view: to help to solve problems that are as yet unsolved. Simulators are also an important support for the study of process optimization.
The use of simulated experiments can considerably reduce the cost of a laboratory course, increase the number of experiments in the learning process and enable experiments to be carried out that would otherwise involve working with dangerous materials and/or in dangerous conditions (Skorzinski et al., 2009) . For all these reasons, the mathematical modelling of an SMBR and the development of a simulator of this process provides an alternative that can solve many problems. The objective of this work is to develop a computer simulator of an SMBR and to show its potential in teaching how such processes work.
Materials and methods
A computer simulator consists of three main parts: the mathematical model, the numerical solution method and the graphical interface. The integrated model proposed by Zarragoitia et al. (2008) was used to build the SMBR simulator. The model was implemented using the Pascal programming language. The differential equations that appear in the model were solved using the fourth-order Runge Kutta numerical method. Finally, the simulator graphical interface was developed. Designing educational software interfaces is a complex task, given its strong domain dependency and multidisciplinary nature. It requires the teachers' knowledge and pedagogical beliefs to be incorporated into the interface, posing a challenge to both teachers and designers as they have to act as partners from the earliest phases of the process, sharing their knowledge (Perry and Schnaid, 2012) . In the present case, the simulator graphical interface was built using the facilities provided by Delphi 2009 for object-oriented programming, in order to achieve a friendly graphical interface enabling the assignation and manipulation of different operating parameters, as well as observation of how the variables of interest behave over time.
Mathematical model and its implementation
The mathematical model proposed by Zarragoitia et al. (2008) integrates the biological degradation process by activated sludges with the physical separation process using membranes. In order to facilitate the evaluation of the model, the selection of equations and biological processes considered during modelling was linked to the characteristics of the experimental reactor and its operating conditions. However, the final structure of the model offers the possibility of adding other process rates and stoichiometries. The conceptual scheme of the model developed is shown in Fig. 1 . It gives the main relations operating during simulation and also the information flow established among the different parts of the model during calculation. The model is divided into three sections, the first considers the biological behaviour (stoichiometry and kinetics), the second is related to membrane fouling evolution and the behaviour of all filtration resistances, and the last consists of a set of periodic equations that represent the process associated with coarse bubble aeration, feeding and discontinuous filtration.
To simulate the activated sludge process, a modified model was established considering the formation-degradation kinetics of soluble microbial products proposed in the modification of ASMl developed by Lu et al. (2001) , but adapting these equations to a strictly aerobic SMBR. The biological model consists of a system of differential equations obtained from the Peterson matrix (Zarragoitia et al., 2008) .
On the other hand, in the physical separation model, the main process is the mass attached to the membrane surface. This process is described by Eq. (1):
The first term of Eq. (1) represents the net mass deposited on the membrane surface due to the equilibrium between the suction and lifting forces ( Fig. 2) , while the second term represents the mass removed by the shear forces caused by the coarse bubble aeration (Li and Wang, 2006) . Shear forces are not uniformly distributed over the membrane surface. When modelling the deposition of sludge on the membrane surface, in the case where the membrane module resembles to a cylindrical object, the variation of G values in the vicinity of the membrane module can be estimated as follows:
-at the bottom of the membrane module, G value is assumed the smallest possible value, which is one-tenth of its maximum value, -for distance ratios to the bottom higher than ε a , G value is assumed to take its maximum value, -between the two, sinusoidal growth is assumed (Fig. 2) . Therefore, Eqs. (2) and (3) are used to calculate the G i values. These equations must be modified for the case of modules with different geometry or different aeration systems, e.g. with air nozzles located at multiple heights of the membrane module, which are not frequent due the structural complexities and changes that the hydrodynamics of the system introduces (Zarragoitia et al., 2008) .
where
For the modelling of membrane fouling, the membrane surface was divided into sections of equal area (S i ). It was considered that each area S i was traversed by a flow of equal magnitude, which was calculated by the following equation:
Eq. (4) was adapted so as to calculate the mass of sludge deposited in the ith section of the membrane surface. Li and Wang, (2006) found that 128 sections of equal area (S i ), guaranteed a good approximation to system behaviour. Also, the overall flux (J) in Eq. (1) is replaced by the local filtration flux through the ith membrane section (J i ) and the apparent shear intensity of the fluid turbulence (G) is replaced by the actual shear intensity on the ith section of the membrane surface (G i ). Hence, with these transformations Eq. (1) can be expressed as:
This type of installation works in periodic cycles of filtration and cleaning by coarse bubble aeration so, when the system is filtering, the mass attached to the membrane surface is calculated using Eq. (5), but when the system is not filtering, the only process that can occur is removal of the sludge from the membrane surface. In this case Eq. (6) is used to calculate the mass attached to the membrane surface, which is a modification of Eq. (5).
For each new time step:
Another parameter to be taken into account is the pore fouling resistance. Pore fouling occurs as a result of the adhesion of some sludge particles having a diameter less than or of the order of the diameter of the pores on the interior walls (Meng et al., 2009) . Then, the filtration resistance for the ith membrane section is determined by the following expression:
where Once the value of the filtration resistance for the ith membrane section has been determined, the value of the overall resistance can be calculated by means of the expression (12).
Finally, the value of TMP can be determined using Darcy's law (13):
The general scheme of the algorithm for implementing the mathematical model is shown in Fig. 3 . For the calculation, the sludge concentration is determined by solving the system of differential equations for the biological system. Then, the mass of sludge attached to the membrane surface and its resistance to filtration are determined. Later, the overall resistance value is evaluated in the expression of Darcy's law so that the TMP value can be obtained. The output parameters of the simulator are shown at each 1 s time interval, which is the step used by the fourthorder Runge Kutta numerical method during the calculation.
Nowadays, many unit process models are available in the field of wastewater treatment. All of these models use their own notation, which causes problems for documentation, implementation and connection of different models (using different sets of state variables) (Corominas et al., 2010) . For this reason, in this work, the universal notation proposed by Corominas et al. (2010) to describe mathematical models is used.
Evaluation of the simulator
To demonstrate the simulator capacity to describe the performance of a real membrane bioreactor, the experimental data reported by Zarragoitia et al. (2008) were used. Tables 1-3 show the working conditions in which the experiments were conducted, the characteristics of the wastewater used and the characteristics of the activated sludge at the beginning of the experiments, respectively.
Practical application of the simulator in chemical engineering education
The simulator was used in chemical engineering education in December 2012 and in Decembre 2013 at the Ecole Nationale Supérieure des Ingénieurs en Arts Chimiques Et Technologiques (ENSIACET), France. The use of this software was incorporated into the syllabus of the "Water treatment" course in the fifth year of higher education corresponding to the Chemical Engineering Careers unit. The objectives of the practical activity are that the students become familiarized with a water treatment process, that they understand how the SMBR process works and that they analyze the influence of operating parameters on the functioning of the process. For this purpose practical work lasting three and a half hours in a simulated laboratory was developed. It was structured in three steps:
1. Analysis of the mathematical model implemented in the simulator in order to better understand the results obtained with the simulator. 2. Resolution of a practical problem using the simulator. 3. Writing of the report by the students, with the results and discussion of all the simulator predictions.
Practical activity
A practical exercise was developed using experimental data from a real plant (Zarragoitia et al., 2008 ). The exercise is described below. An MBR pilot plant with a submerged membrane configuration is located in the town of Brax, France. This plant is fed with a volumetric flow of 0.09 m 3 day −1 of real wastewater, the characteristics of which are shown in Table 1 . Specifically, a polysulfone hollow-fibre membrane module supplied by Polymen (pore size = 0.2 m, surface area = 0.3 m 2 ) is immersed directly in an aerobic tank with a volume of 10 L. The sludge retention time is around 30 days. The biological reactor is aerated and stirred by a fine bubble air diffuser located at the bottom of the reactor. A second air blower, located directly at the bottom of the membrane module, produces an air flow rate of 6 L m −2 s −1 to generate coarse bubbles that cause strong turbulence so as to clean the surface of the membrane and thus limit membrane fouling. Membrane filtration is carried out in conventional sequential cycle mode: 9 min with filtration and 1 min without filtration (relaxation time). During the relaxation time, the coarse bubble aeration is on, so the membrane cleaning is carried out in a cycle mode: 1 min of coarse bubble aeration and 9 min without such aeration.
The maintenance of the system is performed when transmembrane pressure reaches its critical value, which in this case is fixed at 60 kPa. The mean temperature inside of MBR is 20 • C during the entire campaign. Tables 2-4 show the data necessary for the MBR operation: the supply characteristics, the characteristics of the mixture inside the MBR and the properties of the activated sludge and cake formed on the membrane surface, respectively.
Activities. Using the software 1. Simulate the operation of the MBR over 8 days. Describe the behaviour over time of the following parameters:
• Trans-membrane pressure.
• Total suspended solids.
• Chemical oxygen demand.
• Filtered water volume.
• Soluble microbial products.
• Overall resistance to filtration.
• Dissolved oxygen. 2. Determine the time necessary for the system to reach the critical trans-membrane pressure working in the operating conditions described above. 3. What needs to be done if the system reaches the critical trans-membrane pressure? 4. In order to understand the influence of the following variables on the trans-membrane pressure, perform a sensitivity analysis in the indicated ranges:
• Filtration flux (±5% of established value).
• Specific filtration resistance of the sludge cake layer (±5% of established value). Discuss the results of the sensitivity analysis. 
Anonymous questionnaire
At the end of the practical activity, the students were asked to fill in an anonymous questionnaire giving their opinion about the simulated laboratory (Table 5) .
3.
Results and discussion
Description and operation of the simulator
For teaching use, the SBRM computer simulator developed should be user friendly and provide an easily accessible introduction to the subject. Since other uses are advanced training and research, many parameters should be easily modifiable. The simulator shows a general standard scheme of the SMBR, which allows the main structural components of the system to be apprehended, so that the user can gain a better understanding of the installation performance and thus a better understanding of the processes that are involved in these types of installations (Fig. 4) .
The simulator allows the user to study of the influence of the 35 model input variables (those presented in Tables 1-4 , bioreactor volume, membrane surface and time to be simulated) on 16 output parameters, which can be displayed graphically or numerically. These output parameters are: The simulator enables the user to select, before calculating, the time-scale over which results will be presented.
This time-scale can be seconds, minutes, hours or days. The precision of calculation does not change with the time scale selected because it is always performed in seconds.
Also, the simulator allows the numerical results to be exported to a txt file. This option may permit the user to process these results using other computational tools. Similarly, the graphical results can be saved in bmp image format. Another advantage is that each calculation can be saved in a file using bms format, an extension created for this software. Finally the simulator opens the possibility of a sensitivity analysis with respect to various parameters. 
Comparison of simulator performance with experimental data
To substantiate and justify the use of the computer simulator to study an SMBR, it is essential to know the level of approximation to which the mathematical model can reproduce SMBR operation. For this reason, the simulation results were compared with experimental data.
The parameter chosen was the trans-membrane pressure because of its importance in the operation of the SMBR (Meng et al., 2009; Fenu et al., 2010) . Fig. 5 shows the experimental and calculated values of TMP. A mean relative error of estimation of 15% was obtained.
This result can be considered acceptable for predicting the behaviour of a system of such complexity because, as explained above, the simulator was built by implementing a model that combines biological degradation with the filtration process. The biological system modelling introduces a high percentage of error as the input values of biological variables correspond to the mean values measured during the experiment (Zarragoitia et al., 2008) .
Even with 15% of error, the simulator already gives the trends in the evolution of physical quantities and the order of magnitude of their values, which is the information sought.
Practical application of the simulator in chemical engineering education
Before beginning the practical activity, the teacher gave the students a brief overview of the model implemented in the simulator as a "black box". Once the students had received the orientation information and the necessary materials, they were ready to start the proposed exercise. The instructor was at hand during the entire practical activity, and was available to clarify any points the students had doubts about. Finally, the students prepared a report with the exercise solution. When they had finished the work in the simulated laboratory, the students answered the anonymous questionnaire, which was drawn up in the aim of knowing the students' opinions about the simulated laboratory.
The evaluations of how well the objectives of this practical activity were attained were made: -during the activity itself, by the discussion between the students and the teaching staff, -from the reports given by the students, -by the students' answers to the questionnaire.
Considerations about the practical activity
The practical activity was carried out successfully by the students. They showed their abilities in the use of computer programs and, in general, they managed the simulator with success. Nevertheless, there were some students who had difficulty solving this task because they did not understand the functioning of an SMBR correctly and others who had problems with the simulator language. However, with the instructor's help, they finished the proposed exercise correctly. The students' correct use of the different simulator tools and their understanding of the SMBR operation was evaluated from their analysis of the results they reported.
The reports were corrected and graded according to the French norm, which gives points out of 20, with the following appreciation: 10 = pass, 12 = quite good, 14 = good, 16 = very good, 18 = excellent, and 20 = congratulations. The average was 13.6/20 with a minimum of 12/20 and a maximum of 16/20, which is a rather good result. Parts 1-4 were achieved very well, with only minor mistakes. Part 5 was completed in a more variable way, mainly due to a lack of time (and to the French way of teaching, which discriminates using time).
Students' opinions
The students' responses to the questionnaire are presented in Fig. 6 . A grading scale obtained by using numerical equivalents for the opinions: "Strongly agree" = 20, "Agree" = 13.33, "Disagree" = 6.67, "Strongly disagree" = 0 (in order to correspond to the French grading system, which is out of 20) has been added. For each of the statements proposed in the questionnaire, a "grade" is indicated, which was obtained by averaging the answers. To analyze these responses, the questions with the most numerous answers "Disagree" were considered as well as the ones with less good grades. The students' evaluations were very positive. This simulated laboratory aroused great interest in more than 95% of the students.
As noticed by the teaching staff during the practical activity, although some students had some difficulties in understanding the functioning of the simulator by themselves (Q4), the participation of the teacher helped them in this task (Q5).
Slightly more than 10% of the students did not agree that this laboratory was relevant to their programme and the lowest evaluation concerned the situation of this laboratory in the education programme (Q8). A discussion with the students showed that an additional experimental activity may help to improve this impression. The teaching staff is thinking about a convenient and not too expensive way to include it (visit to a Fig. 6 -Results of the anonymous questionnaire (see Table 5 ).
water treatment plant, visit to a research experimental device, short experimental practical activity, etc.)
Advantages of simulator in teaching
Laboratory exercises, field observations and field trips are a fundamental part of many earth science and environmental science courses. Field observations and field trips can suffer from constraints of distance, time, expense, and the scale, safety, or complexity of real-world environments (Ramasundaram et al., 2005) . Corter et al. (2011) state that the majority of comparative studies have concluded that simulation is a good substitute for hands-on labs in teaching course concepts and their application but some researchers have proposed that simulation might be most effective when it is integrated as a complementary part of a course involving hands-on laboratory activity. In comparison with textbooks and lectures, a learning environment with a computer simulation has the advantages that students can systematically explore hypothetical situations, interact with a simplified version of a process or system, change the time-scale of events, and practice tasks and solve problems in a realistic environment without stress (van Berkum and de Jong, 1991) .
El-Naas (2011) developed a course following the active learning approach, where students are heavily involved in class activities and they can directly assess the effect of input variables on the design parameters, allowing them to carry out "What If" or parameter sensitivity analysis. For this he used Excel and Ez-Solve in designing and analysing desalination processes. Simulations have earned a place in the classroom as robust additions to the teachers' repertoire, either as an addition to the traditional teaching methods available or as a replacement of parts of the curriculum (Rutten et al., 2012) . As shown here, the SMBR computer simulator developed is able to predict the behaviour of various output parameters in the short-and long-term. It allows users to study the influence of the bioreactor initial working conditions on the behaviour of the main parameters that describe the plant performance.
It also allows the optimum SMBR operating conditions to be determined so as to increase the membrane lifespan. At the same time, it facilitates studies related to the search for the optimal design parameters of the plant and the influence of sludge properties, which will lead to better efficiency in the process of wastewater treatment. It also facilitates sensitivity studies on the most important parameters in the system, which is a fundamental aspect to be considered in future modelling work so that the major contributors to the estimation error of the model can be determined. Last but not least, it gives access to intermediate parameters that cannot be regularly measured in real conditions, such as the resistances of the stable sludge cake layer and the dynamic sludge film, or the concentration of soluble microbial products, but which contribute to a better understanding of the way the process functions (membrane fouling, COD, etc.). It is important to note that the simulator was built in a manner that makes it an invaluable tool for teaching how an SMBR works, since it allows the user to interact with the operating conditions of the bioreactor and observe the influence of these parameters on the behaviour of the main control variables of the system over time.
Computer modelling has become a helpful tool in the analysis of the performance and effectiveness of wastewater treatment systems (Korniluk et al., 2008) . Nowadays, industrial firms have become very interested because computer simulations significantly lower costs compared to experimental studies (Kraft et al., 2005) . The use of the SMBR simulator allows considerable saving of resources and time since, in general, performing experiments in real time on an SMBR is very expensive and time consuming. For the practical activity, we were able to place 24 students in front of their own 12 "devices". This allowed them to virtually implement several operating conditions and to analyze the consequences of this control. The user friendliness of the simulator helped in this, in a time much shorter than in the real world and at a cost compatible with the university's resources. The role of the teachers was to supply the students with all the practical procedures that are not included in the simulator, such as chemical cleaning or membrane replacement, and to keep the students aware of the real context of in situ experiments compared to in silico ones. In the case of the treatment plant under study, the plant needs a period of almost 20 days for the sludge mixture to become stabilized and, each time the critical value of trans-membrane pressure is reached, the system must be stopped to carry out expensive chemical cleaning or replacement of the membrane, often before the end of its lifespan (Zarragoitia et al., 2008; Kim et al., 2011) . However, this study can be performed in the simulator in a short time and with considerable saving of resources.
Conclusions
An SMBR computer simulator was built with recent modelling knowledge and a friendly interface. The results given by the simulator are accurate enough to provide the trends and orders of magnitudes of physical quantities needed for the teaching application of the simulated MBR. The practical use of the simulator was evaluated with the development of simulated laboratory work lasting three and a half hours, which gave results that would take more than fifteen months of real-world experiments. It was successfully applied, and achieved the most difficult objectives of enabling the students to analyze the influence of operating parameters on the SMBR functioning and being largely accepted by the students. While this has not been tested, it appears clear that the dynamic model used would permit the training of professionals.
